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Corrosion is a key limiting factor in the degradation of zirconium alloys in light water reactors. Developing
a mechanistic understanding of the corrosion process offers a route towards improving safety and efﬁ-
ciency as demand increases for higher burn-up of fuel. Oxides formed on zirconium alloys are composed
of both monoclinic and meta-stable tetragonal phases, and are subject to a number of potential mechan-
ical degradation mechanisms. The work presented investigates the link between the tetragonal to
monoclinic oxide phase transformation and degradation of the protective character of the oxide layer.
To achieve this, Abaqus ﬁnite element analysis of the oxide phase transformation has been carried out.
Study of the change in transformation strain energy shows how relaxation of oxidation induced stress
and fast fracture at the metal–oxide interface could destabilise the tetragonal phase. Central to this is
the identiﬁcation of the transformation variant most likely to form, and understanding why twinning of
the transformed grain is likely to occur. Development of transformation strain tensors and analysis of
the strain components allows some separation of dilatation and shear effects. Maximum principal stress
is used as an indication of fracture in the surrounding oxide layer. Study of the stress distributions shows
the way oxide fracture is likely to occur and the differing effects of dilatation and shape change. Compar-
ison with literature provides qualitative validation of the ﬁnite element simulations.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/3.0/).1. Introduction
Oxides that form on nuclear grade zirconium alloys during
autoclave testing in water or steam are not only composed of
monoclinic but also tetragonal phase, particularly near the metal/
oxide interface [1–6]. This is despite only the monoclinic phase
being stable in pure zirconia below 1200 C [7]. However there
are a number of factors relating to naturally forming oxides that
contribute towards stabilising the tetragonal phase down to room
temperature. This includes compressive stress, grain size, oxygen
vacancies and alloying elements. Synchrotron X-ray Diffraction
(S-XRD) has repeatedly shown that the oxide is strongly com-
pressed [1–6], something which is known to stabilise the tetrago-
nal phase in zirconium oxides [7–12]. Garvie demonstrated that
30 nm represents a critical size below which pure tetragonal zir-
conia can be stabilised by grain size alone [13]. Transmission elec-
tron microscopy (TEM) has been used to show that oxides formed
on Zircaloy-4 and ZIRLO™ consist of equiaxed grains 10–30 nm indiameter, and columnar grains 14–40 nm wide and 135–230 nm
long [14]. It is therefore plausible that grain size is a contributing
factor in the stabilisation of the tetragonal phase present in the
oxide. Zirconium alloys oxidise almost entirely due to the inward
migration of oxygen ions [15]; this requires the generation of
oxygen vacancies at the metal–oxide interface which migrate out-
wards. The impact of oxygen vacancies on the lattice structure is a
leading theory for the stabilisation of manufactured tetragonal
zirconia [10,16–18]. Finally, zirconium alloys contain a range of
alloying elements some of which, such as iron and chromium, have
previously been shown to stabilise the tetragonal phase when used
as a dopant [19–23]. However it must be noted that these alloying
elements will be present in the oxide in very small quantities when
compared with typical dopants used in manufactured zirconia.
The corrosion kinetics of zirconium alloys out of reactor, in
aqueous solution at 360 C, can be summarised as follows: initial
rapid corrosion associated with a non-protective layer of equiaxed
grains between 300 and 500 nm thick, this is followed by the for-
mation of long columnar grains and the reduction of corrosion
kinetics [14]. Synchrotron X-ray diffraction, TEM, and t-EBSD have
indicated that the equiaxed grains are often tetragonal and that the
columnar grains are typically monoclinic [24–26]. It could be
implied then that the equiaxed region near the surface of the oxide
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a kinetics curve somewhere between parabolic and cubic. In com-
mercial, nuclear grade zirconium alloys a breakdown of the protec-
tive character of the oxide is usually seen after 2 lm of oxide
growth, followed by acceleration in the corrosion kinetics. This
process of breakdown and acceleration is referred to as transition.
Oxide growth is then cyclical, repeatedly forming almost identical
layers separated by transition points in the corrosion kinetics every
2 lm [15,27].
Experiments using S-XRD by both Polatidis and Petigny have
separately shown an 7% reduction in the tetragonal phase frac-
tion from 1 to 3 lm oxide growth on Zircaloy-4 [4,5]. This indicates
that there may be destabilisation of the tetragonal phase. From a
mechanical point of view there are two key features that occur
during the oxidation process. Firstly is the relaxation of compres-
sive stresses in the oxide [4,5]. Which could relate to oxidation
induced creep and hydrogen induced strain in the metal substrate
[28–30]. Secondly there is the formation of micro-scale lateral
cracks at or near the metal oxide interface (see Fig. 1). Although
some small cracks appear to be present throughout the oxidation
process, larger numbers of micro-scale cracks have been associated
with the transition points in the corrosion kinetics [5,6,24,27].
Finite element analysis has indicated that these cracks may be
formed by localised out-of-plane stresses associated with undula-
tions at the metal–oxide interface. In this analysis the maximum
principal stress is at the metal–oxide interface, raising the question
over whether these cracks form due to fracture of the oxide or de-
bonding at the interface [31]. In manufactured partially stabilised
zirconia, the zone of tensile stress ahead of an advancing crack
causes the tetragonal phase to transform to monoclinic. Although
the transformation can arrest micro-scale cracks, it can also gener-
ate smaller cracks typically along grain boundaries [8,32]. The for-
mation of small cracks perpendicular to the metal oxide interface
would allow fast ingress routes for oxygen containing species pro-
viding part of the explanation for transition in the corrosion kinet-
ics [33].
The present work incorporates experimental data and theoreti-
cal calculations into a ﬁnite element analysis of the tetragonal to
monoclinic phase transformation. The dilatation and shear effects
are separated, and analysis includes the energy of transformation
and stress distributions in the surrounding oxide. In this way
mechanical destabilisation of the tetragonal phase and degradation
of the oxide layer can be considered.2. Model construction
2.1. Microstructural representation and boundary conditions
All simulations have been carried out using the Abaqus ﬁnite
element system. The models are 3D linear elastic consisting of a
single grain surrounded by a homogenous oxide (Fig. 2). The single
grain has been simulated as a truncated octahedron in order to useFig. 1. Back-scattered SEM cross section image of Zircaloy-4 oxidised in primary
water for 180 days at 360 C. This shows the lateral cracks that form in the oxide at
the ﬁrst transition point in the corrosion kinetics.a symmetrical shape that approximates an equiaxed grain. With
relation to the metal–oxide system (Fig. 1) directions 1 and 2 are
parallel to the metal–oxide interface (in-plane) whilst direction 3
is perpendicular (out-of-plane). A symmetry boundary condition
has been placed on the bulk model at one of the faces normal to
each direction, ﬁxing displacement and rotation. For each direc-
tion, the opposite face has an equation constraint ensuring the
entire face strains evenly. This combination of boundary conditions
and constraints allows the model to be representative of a small
cube in the centre of an inﬁnite oxide.
These simulations are then used to represent two basic stress
states relating to destabilisation of the tetragonal phase. The ﬁrst
represents relaxation of the biaxial compressive stress induced
by the oxidation process, potentially due to creep or hydrogen
induced strain. This involves application of a compressive stress
in the in-plane 1 and 2 directions. Experimental results offer a wide
range of values for in-plane compressive stresses in oxides formed
on zirconium alloys, with signiﬁcantly higher values at the metal–
oxide interface compared to the outer surface [6]. For thin oxides,
S-XRD gives average stress values in the order of 1 GPa for the
monoclinic phase and 2 GPa for the tetragonal phase [5]. These
values frequently show a gradual relaxation in the average in-
plane stress over time as the oxide thickens [1–6]. The effect is
simulated in these models by running the phase transformation
under a range of bi-axial compressive stresses from2.2 GPa down
to 0.1 GPa.
The second stress state is a tri-axial tensile stress designed to
represent the zone ahead of an advancing crack tip. Micro-scale
lateral cracks have been observed in the oxide layer, and appear
to form very close to or at the metal–oxide interface (Fig. 1). Finite
element analysis by Parise et al. indicated that these cracks form as
a result of localised tensile stresses above peaks in the metal–oxide
interface roughness [31]. These cracks are considered separate to
any nano-scale cracks that might result from the tetragonal to
monoclinic phase transformation. An assumption is made here that
whether the micro-scale lateral cracks form via fracture of the
oxide or by de-bonding at the interface a triaxial tensile stress state
will still be present. In manufactured partially stabilised zirconia
cracks would be expected to destabilise the tetragonal phase. This
is simulated by applying tensile stress in direction 1, 2 and 3. As
this the maximum stress at the crack tip is not known, the applied
tensile stresses cover a range from 0.1 GPa up to a maximum stress
value of 2.2 GPa as it is approximately equal to three times the
fracture strength of bulk fracture strength for manufactured stabi-
lized zirconia [34]. For the biaxial compressive and triaxial tensile
stress states it is the trends in behaviour rather than the absolute
values that are considered of greatest importance for this work.
The 3D elements used in the present model are fully integrated
4 node tetrahedrons with 10 integration points (C3D10). The over-
all dimensions of the models are 150  150  150 nm3, which rep-
resents the surrounding oxide. In the centre there is a truncated
octahedron with a width of 50 nm in direction 1, 2, and 3, which
characterises the grain that will be transformed. It has been
reported previously that tetragonal grains with a diameter of about
30 nm can be size stabilised. Hence a slightly larger grain might be
typical for a stress stabilised tetragonal grain. The elastic constants
that have been incorporated to represent orthotropic material
behaviour in 3D are shown in Table 1 [35,36]. It should be noted
that the tetragonal elastic constants are taken for 12 mol% Ce-
TZP (Cerium stabilised tetragonal zirconia polycrystal) [36].
2.2. Model limitations
A ﬁnite element model at such scale raises the question of
whether the constitutive equations used in Abaqus will be able
to truly represent the behaviour of a materials microstructure at
Fig. 2. Model illustration (A) and schematic showing boundary conditions (B). Direction 3 is perpendicular to the metal–oxide interface.
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ysis of this sort offers a means to improve understanding of the
fundamental trends and distributions associated with the phase
transformation.
2.3. Simulating the phase transformation
The monoclinic and tetragonal phases in zirconia (Fig. 3) have a
crystallographic relationship. Therefore, during a tetragonal to
monoclinic phase transformation, there are a number of different
crystallographic orientations (variants) the monoclinic crystal can
assume. Based on literature three primary variants have been iden-
tiﬁed and modelled [32,37]. These are shown in Fig. 4 and are used
to deﬁne the orientation of the grain after transformation. This is of
particular importance when considering the elastic anisotropy
shown in Table 1, for which it is assumed that the C33 Elastic con-
stant is aligned with the lattice parameter c (Fig. 3). Each of these
variants has been assigned a label of V1, V2 and V3 the origins of
which will be discussed later.
In these simulations the homogenous monoclinic oxide that
surrounds the single transforming grain has a single crystallo-
graphic orientation, with the lattice parameters b and c aligned
with the global directions 2 and 3, respectively. This essentially
assumes that the surrounding monoclinic oxide is textured with
the ð10 6Þm plane parallel to the metal–oxide interface, i.e. the lat-
tice parameter c is perpendicular to the metal–oxide interface. As
mentioned earlier, the oxide is under a strong compressive stress
parallel to the interface. Adopting a strong ð10 6Þm texture would
put the smallest footprint parallel to the interface thereby mini-
mising stresses associated with the Pilling–Bedworth type expan-
sion as the metal transforms into an oxide. It is however, noted
that lab based and synchrotron XRD have shown a dominance of
the ð10 3Þm and ð10 4Þm planes parallel to the metal–oxide interface
[38–40]. Prior to transformation the single central tetragonal grain
has a, b and c lattice parameters aligned with the 1, 2 and 3 global
directions. This assumes that the (001)t plane, which has the
smallest footprint for the tetragonal phase, is parallel to the
interface.
The tetragonal to monoclinic transformation is known to be
martensitic, and has been previously characterised by a volumetric
expansion of 3–7% and a shear strain of 16–18% [37,41–44]. This
expansion and shear is based on the change in the shape of the
unit cell and dimensions of the lattice parameters (Fig. 3).
Although many values for the tetragonal and monoclinic lattice
parameters are available in literature these are obtained by a vari-
ety of methods, and at a variety of temperatures. The valuesselected for use in this study are both based on neutron diffraction
methods, and have both been carried out at room temperature
[45,46]. The tetragonal phase in this instance is stabilised by grain
size rather than using a dopant [13,46]. These lattice constants
have been listed in Table 2.
Tests carried out by Bailey using TEM on large grain size
manufactured zirconia have shown the presence of (100)m twin
planes in transformed monoclinic grains [37]. Twin planes have
also been observed in oxides grown thermally on zirconium
alloys [14,47,48]. To investigate the effects of the dilatation,
shear strain, and transformation twinning three alternatives of
the model described in Section 2.1 have been simulated. The
dilatational simulations include only the volume expansion with-
out any shear effect. The martensitic models include both the
dilatational and shear strains, but do not include any twinning.
Finally the twinned simulations include the dilatational and
shear strain, with the addition of a twin plane on the (100)m
monoclinic lattice. Fig. 5 shows the orientation of the (100)m
twin plane after transformation for each of the variants dis-
cussed earlier.
Modelling the phase transformation involves two steps. The
ﬁrst step re-orientates the transforming grain depending upon
the transformation variant. The second step involves the applica-
tion of a strain tensor based on the lattice constants in Table 2.
The full strain tensors for each variant are shown in Eqs. 1–3.
The dilatational simulations only include the volumetric strain
components (e1, e2, e3), whilst the martensitic and twinned simula-
tions also include the shear strain components (e13, e31). It must be
noted that these directions relate to the local coordinate system of
the single grain after reorientation and not the global coordinate
system relating to the surrounding oxide.
Here a, b and c are the lattice parameters. b is the internal angle
between the a and c parameters (see Fig. 3) and U = (90  b). The
(001)t//(100)m transformation variant results in the 1, 2 and 3 glo-
bal directions being aligned with the 2, 3, and 1 local grain direc-
tions respectively. The (010)t//(100)m transformation variant
results in the 1, 2 and 3 global directions being aligned with the
3, 1 and 2 local grain directions respectively. For the (100)t//
(100)m transformation variant there is no reorientation, so the 1,
2 and 3 global directions are aligned with the 1, 2 and 3 local grain
directions respectively. These variants have been labelled V1, V2
and V3. The number refers to the local grain direction that is
aligned with global direction 3 perpendicular to the metal–oxide
interface. Each of the variants in Eqs. 1–3 show a volumetric
expansion of 5.79% and a shear strain of 16.25%, both within the
values given in literature.
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at
0 12tanU
0 bmatat 0
1
2tanU 0
cmct
ct
2
664
3
775¼
0:0013 0 0:08125
0 0:02647 0
0:08125 0 0:02924
2
64
3
75 ð3Þ3. Simulation results and discussion
3.1. Energy of transformation
In order for the phase transformation to proceed, it needs to be
energetically favourable. The change in total free energy accompa-
nying the transformation is shown in Eq. (4):
DW ¼ DGC þ DUSTRAIN þ DUINTERFACE ð4Þ
where DW is the change in total free energy, DUSTRAIN is the change
in strain energy and DUINTERFACE is the change in interface or surface
energy. DGc can be described as the change in chemical energy or
the difference in chemical free energy between the tetragonal and
monoclinic phases depending upon temperature, composition, and
potentially oxygen vacancy concentration. The interface and strain
energies are both positive, the chemical energy is negative and must
equal the sum of the other components for the transformation to
proceed [8,32]. There are some key distinctions to be made here;
ﬁrstly DUSTRAIN is composed of both dilatational and shear strain
components. Secondly DUINTERFACE is dependent upon the surface
area of the grain and the coherency of the grain boundary.
3.1.1. Calculation of interface energies
Garvie has deﬁned previously the surface energy densities to be
0.22 J/m2 for a fully coherent tetragonal grain, 0.73 J/m2 for a par-
tially coherent monoclinic grain, and 0.29 J/m2 for a fully coherent
monoclinic interface [7]. The truncated octahedron used in this
analysis has a surface area of 0.0084 lm2. The ﬁrst assumption is
that prior to transformation the tetragonal-monoclinic grain
boundary is fully coherent. By multiplying the surface energy den-
sity of a fully coherent tetragonal grain by the surface area, the
interface energy for the stabilised tetragonal grain being simulated
can be calculated as 0.00185 pJ. The second assumption is that the
monoclinic grain that forms after transformation has a partially
coherent grain boundary with a post-expansion surface area of
0.0087 lm2. Hence, after transformation the interface energy is
now 0.00635 pJ. Subtracting the initial interface energy of
0.00185 pJ gives a value of 0.0045 pJ for DUINTERFACE. Introducing
a single twin boundary of the sort shown in Fig. 5 would provide
an additional 0.0022 lm2 of fully coherent monoclinic interface.
This would provide an extra 0.000638 pJ of interfacial energy after
transformation. Therefore transformation twinning would give a
total post-transformation interfacial energy of 0.00698 pJ, and pro-
vide a value of 0.00513 pJ for DUINTERFACE.Table 1
Material properties used in ﬁnite element analysis.
Monoclinic elastic
constants (MPa) [35]
C11 = 358,000, C12 = 144,000, C22 = 426,000,
C13 = 67,000, C23 = 127,000, C33 = 240,000,
C44 = 130,000, C55 = 79,000, C66 = 99,000
Tetragonal elastic
constants (MPa) [36]
C11 = C22 = 327,000, C12 = 100,000,
C13 = C23 = 67,000, C33 = 264,000, C44 = 64,000,
C55 = C66 = 59,0003.1.2. Strain energy: variant comparison
Figs. 6 and 7 show the changes in strain energy obtained from
the dilatation models. Fig. 6 shows DUSTRAIN over a range of bi-
axial compressive stresses designed to replicate the stress in the
oxide as a result of zirconium oxidation. The results show that
variant V1 has the highest value for DUSTRAIN, followed by V2,
with V3 (100)t//(100)m having the lowest DUSTRAIN. Increasing
the in-plane compressive stress from 0.1 GPa to 2.2 GPa
increases the transformation strain energy associated with this
variant from 4.26 pJ to 5.63 pJ which equates to a change of
32.2%. Fig. 7 shows DUSTRAIN in a range of tri-axial tensile stress
ﬁelds designed to imitate an advancing crack tip. It can be seen
that applying a tri-axial tensile stress reduces DUSTRAIN. Increasing
the tri-axial stress from 0.1 GPa to 2.2 GPa reduces DUSTRAIN for
the V3 (100)t//(100)m variant from 4.05 pJ to 0.87 pJ giving a
large reduction of 78.5%. This analysis indicates that the appli-
cation of a triaxial tensile stress state should be more likely to
destabilise the tetragonal phase when compared with a reduction
in the biaxial compressive stress.
In both ﬁgures the gradients shown are linear, and at zero stress
DUSTRAIN is still present. The implication is that the level of con-
straint provided by the surrounding oxide generates a signiﬁcant
contribution towards the magnitude of DUSTRAIN. Therefore the
constraint of the surrounding oxide indirectly stabilises the tetrag-
onal phase. One limitation however is that without enabling crack
formation in the surrounding oxide the change in strain energy
associated with the phase transformation will be artiﬁcially high.
Calculations in Section 3.1.1 give a value of 0.0045pJ for the change
in interface energy associated with the dilatant transformation.
With an in-plane compressive stress of 100 MPa, and a (100)t//
(100)m transformation variant, the dilatant simulation predicts a
change in strain energy of 4.26pJ. This is approximately three
orders of magnitude higher, so with relation to Equation (4),
DUSTRAIN is clearly dominant over DUINTERFACE. For the martensitic,
and twinned martensitic simulations the trends were seen to fol-
low those of the dilatational models, with the V1 variant having
the highest value for DUSTRAIN, followed by V2, with V3 (100)t//
(100)m having the lowest DUSTRAIN.3.1.3. Strain energy: alternative simulation comparison
This section includes a comparison of DUSTRAIN for the V3 vari-
ant using the dilatational, martensitic, and twinned martensitic
simulation approaches discussed earlier. Figs. 8 and 9 show com-
parisons of these three alternatives under biaxial compressive
and triaxial tensile stress ﬁelds respectively. As discussed in the
previous section the tendency is for DUSTRAIN to increase as the
biaxial compressive stress ﬁeld increases, and decrease as the tri-
axial tensile stress ﬁeld increases.
Across both ﬁgures it is clear that the purely martensitic
approach has the highest value of DUSTRAIN, the twinned transfor-
mation has a lower value, and the dilatational approach has the
lowest. Taking a compressive stress of 100 MPa as an example,
the dilatational, martensitic, and twinned martensitic simulations
have DUSTRAIN values of 4.26 pJ, 10.7 pJ, and 8.88 pJ respectively.
The introduction of the shear strain component associated with
the martensitic transformation increases the value of DUSTRAIN by
1.5 times. Therefore based on these simulations it appears that
the shear strain component actually plays a larger role in the sta-
bilisation of the tetragonal phase than the volumetric components.
Introducing a twin plane, i.e. simulating transformation twinning,
gives a value of DUSTRAIN lower than that of a purely martensitic
phase transformation. This would indicate that under these condi-
tions transformation twinning is actually more likely to occur,
which could give an explanation for the presence of twin planes
observed experimentally [14].
Fig. 3. Tetragonal (A) and monoclinic (B) lattice unit cells.
Fig. 4. Transformation variants and descriptions.
Table 2
Lattice constants used to deﬁne the phase transformation.
Monoclinic lattice constants
[45]
a = 5.1505 Å, b = 5.2116 Å, c = 5.3173 Å,
b = 80.77
Tetragonal lattice constants
[46]
a = 5.0772 Å, c = 5.1662 Å
Fig. 5. The (100) monoclinic twin plane for the V1, V2 and V3 variants. Direction 3
is perpendicular to the metal–oxide interface.
Fig. 6. Change in total strain energy for the single grain associated with dilatational
phase transformation in a bi-axial compressive stress ﬁeld.
Fig. 7. Change in total strain energy for the single grain associated with dilatational
phase transformation in a tri-axial tensile stress ﬁeld.
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As discussed earlier the phase transformation can be described
by an energy balance, where DUINTERFACE and DUSTRAIN are positive,
DGc is negative, and DWmust be less than zero for the transforma-
tion to occur. Assuming DGc and DUINTERFACE are ﬁxed, DUSTRAIN
would need to be reduced for the transformation to proceed. Either
reducing the bi-axial compressive stress, or increasing the tri-axial
tensile stress, results in a reduction of the transformation strain
energy. An interpretation of these results is that relaxation of the
oxidation induced stress, or micro-scale lateral crack formation,
could destabilise the tetragonal phase and cause a transformation
from tetragonal to monoclinic oxide. Although more localised,
the application of a triaxial tensile stress appears to have a greater
capacity to destabilise the tetragonal phase when compared with a
reduction in the biaxial compressive stress.
Fig. 8. Change in total strain energy for the single grain associated with the
dilatational, martensitic, and twinned martensitic simulation approaches for the V3
variant in a biaxial compressive stress.
Fig. 10. Maximum principal stress in the surrounding oxide associated with
dilatational phase transformation.
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dilatational, martensitic, and twinned martensitic simulation approaches for the V3
variant in a triaxial tensile stress ﬁeld.Understanding the localised stress distributions associated with
the phase transformation is of critical importance when consider-
ing the impact on the oxide as a protective barrier. To this end the
maximum principal stress in the surrounding oxide has been
extracted for each of the models. This can give a good indication
of whether the phase transformation can initiate the formation of
nano-scale cracks in the surrounding oxide layer. The maximum
principal stress is taken from an individual integration point mean-
ing that both the magnitude and the direction of the stresses are
sensitive to mesh reﬁnement. This issue is further compounded
by the steep stress gradients present in the models. Mesh sensitiv-
ity studies were carried out to try to limit these effects and obtain
consistent results between the simulations.3.2.1. Dilatational simulations
Fig. 10 shows the maximum principal stresses in the surround-
ing oxide, resulting from the dilatation simulation in a bi-axial
compressive stress ﬁeld. The V1 variant gives the highest maxi-
mum principal stress, which is followed by V2, with the V3
(100)t//(100)m variant giving the lowest value for maximum prin-
cipal stress. For the V3 variant it can be seen that as the in-planecompressive stress is increased from 0.1 GPa to 2.2 GPa there
is a concurrent reduction in the maximum principal stress from
7.4 GPa to 5.4 GPa. This is because the maximum principal stresses
are almost in-plane with the S11 and S22 stress directions, which is
the same direction as the applied in-plane compressive stress. The
results shown in Fig. 10 are extremely high. This is due in part to
stress concentration at corners, but it is largely a consequence of
the signiﬁcant levels of strain associated with the phase transfor-
mation. The bulk fracture strength of manufactured stabilized zir-
conia is typically in the range of 550–750 MPa [34]. Based on this it
appears that any of the modelled phase transformations are capa-
ble of causing some degree of fracture in the surrounding oxide.
Fig. 11 shows a schematic of the stress distributions associated
with the dilatational transformation, and a typical plot of the max-
imum principal stress in the surrounding oxide based on the V3
variant. Almost all components of the strain tensors shown in
Eqs. 1–3 are positive. The result is that perpendicular to the grain
boundary, both the grain and the surrounding oxide experience
strong compressive stress. This is in line with what is known from
transformation toughening in manufactured partially stabilised
tetragonal zirconia. However, parallel to the grain boundary the
surrounding oxide experiences a strong tensile stress. Such local
tensile stresses in the neighbourhood of the transformed grain will
have the potential to generate nano-scale cracks radiating away
from the transformed grain [8]. This observation provides evidence
that despite a volume expansion during the tetragonal to mono-
clinic phase transformation, the complex stress state and con-
straints in the oxide mean that tensile stresses are created in
certain directions that are likely to degrade the protective state
of the oxide grown on zirconium during corrosion.3.2.2. Martensitic and transformation twinning simulations
Introducing shear during the tetragonal to monoclinic phase
transformation increases the maximum principal stress signiﬁ-
cantly. Fig. 12 shows the transformation induced maximum princi-
pal stresses in the surrounding oxide for the V3 variant based on
the dilatational, martensitic and twinned martensitic approaches
in a bi-axial compressive stress ﬁeld. It can be seen that the
twinned martensitic model actually generates larger maximum
principal stresses than the purely martensitic approach, both of
which are higher than the dilatational simulation. Using an in-
plane oxidation induced biaxial compressive stress of 0.1 GPa
as an example the results give maximum principal stresses of
7.4 GPa, 9.4 GPa, and 11.6 GPa for the dilatational, martensitic,
and twinned martensitic approaches respectively.
Fig. 11. Illustration of the maximum principal stress in the surrounding oxide (MPa) associated with dilatational phase transformation. Direction 3 is perpendicular to the
metal–oxide interface.
Fig. 12. Maximum principal stress in the surrounding oxide associated with the
martensitic phase transformation.
Fig. 14. TEM image of a twinned columnar grain (M), and nanocracks (A and B).
Seen by Bossis et al. in an oxide formed on Zr–1Nb–O after 22 days in 415 C steam
[49].
296 P. Platt et al. / Journal of Nuclear Materials 454 (2014) 290–297The effect of the shear is quite different to dilatation. Fig. 13
shows a schematic of how the shear, and in particular the twin-
ning, results in a shape change. It is this shape change that causes
the shear induced stress concentrations in the surrounding oxide.
In the location where the shear causes the transformed grain to
press into surrounding oxide there is a strong triaxial compressive
stress. In contrast, in the region where the shear pulls the trans-
formed grain away from the surrounding oxide there is a strongFig. 13. Illustration of the maximum principal stress in the surrounding oxide (MPa) as
metal–oxide interface.triaxial tensile stress. Fig. 13 shows the stress distributions associ-
ated with the shear on the surrounding oxide for the V3 twinnedsociated with martensitic phase transformation. Direction 3 is perpendicular to the
P. Platt et al. / Journal of Nuclear Materials 454 (2014) 290–297 297transformation variant. A line of triaxial tensile stress runs along
the grain boundary face; comparing Fig. 13 with Fig. 5c it can be
seen that this relates to the intersection with the (100)m mono-
clinic twin plane of the transformed grain. These are the regions
of maximum principal stress shown in Fig. 12. Detailed TEM obser-
vations of the oxide nanostructure have provided evidence of nano
pores along the grain boundaries [33]. It is plausible that these
observed pores are related to the tensile stresses generated due
to shear in the phase transformation. Fig. 14 is taken from the
TEM analysis conducted by Bossis et al. showing nano-scale cracks
(denoted A and B) that appear to result from a twinned monoclinic
grain (denoted as M) [49]. It is also possible, therefore, that the
tetragonal to monoclinic phase transformation could provide an
initiation site for the formation of lateral cracks.
4. Conclusions
The ﬁnite element analysis presented in this paper combines
experimental evidence from literature, theoretical calculations,
and ﬁnite element analysis to explore the tetragonal to monoclinic
phase transformation in thermally grown zirconium oxide. This
includes the development of strain tensors that give a physical
interpretation of the volumetric and shear strains associated with
three potential transformation variants. Of the three investigated
results, the variant deﬁned by (100)t//(100)m, [001]t//[001]m,
[010]t//[010]m (V3) has the lowest transformation strain energy
for all simulations. This results in the ð10 6Þm plane being parallel
with the metal–oxide interface, providing the smallest footprint.
The application of different stress states associated with degrada-
tion mechanisms in the oxide allows insight into the potential
destabilisation of the tetragonal phase. Both relaxation of the oxi-
dation induced in-plane biaxial compressive stress, and the appli-
cation of a tri-axial tensile stress associated with an advancing
crack tip, reduce the strain energy associated with the phase trans-
formation. This should therefore contribute toward destabilisation
of the tetragonal phase. The application of a triaxial tensile stress
appears to have a greater impact on destabilisation. It was also
found that using a transformation twinning mechanism reduced
the strain energy associated with the phase transformation making
this more likely to occur than a purely martensitic phase
transformation.
Analysing the maximum principal stress in the surrounding
oxide gave insight into the potential impact of the phase transfor-
mation in degrading the protective oxide barrier layer. The V3
(100)t//(100)m, [001]t//[001]m, [010]t//[010]m transformation
variant provides the lowest maximum principal stress in the sur-
rounding oxide for both dilatation and shear. Separating out the
dilatational and shear effects showed how the transformation
could potentially lead to both nano-scale radial cracking in the sur-
rounding oxide and pore formation along the grain boundaries. The
results of these ﬁnite element simulations have been qualitatively
validated with observations presented in literature. A better under-
standing of the phase transformation may lead to an improved
understanding of the corrosion mechanisms, and in turn result in
better predictive models for the corrosion of zirconium alloys for
nuclear applications.
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